Fatigue crack growth behavior of AZ61 magnesium alloy was investigated in low humidity (55% relative humidity) and 3.5% NaCl spray environments under various stress ratios. Fatigue crack growth rates became higher with increasing load ratio for both environments. However, the results of fatigue crack growth test under 3.5% NaCl spray environment showed lower fatigue crack propagation rate compared to those in low humidity environment for all stress ratios. The difference in crack growth rate was resulted from the different crack closure behavior. The crack growth curves arranged by ∆K eff merged to one curve regardless of stress ratio. In order to investigate the higher crack growth resistance in 3.5% NaCl spray environment, fracture surface observation was carried out using a scanning electron microscope. Fracture surface of the specimen tested in 3.5% NaCl environment was fully corroded. However, no corrosion was observed for the specimen tested in low humidity environment. The corrosion products on the fracture surface could induce higher crack closure point. This might lead to the higher crack growth resistance observed for the specimen tested in 3.5% NaCl spray environment.
Introduction
Magnesium alloys have been increasingly utilized in various industries, such as automobile and electronic products, for the purpose of light weight, which is requested from global environment and energy saving viewpoints. Magnesium alloys have superior advantages, not only light weight but also high specific strength, machinability, recyclability, etc. However, poor corrosion resistance of magnesium alloys is also known. As structural materials, fatigue characteristic is the main concern in design because fatigue failure is the dominant cause of accidents [1] . Research works on fatigue strength and fatigue crack growth behavior under corrosive environment have been widely carried out on steels, aluminum alloys, etc. For magnesium alloys, those on corrosion fatigue crack growth behavior have been rarely carried out [2] [3] , while some works on corrosion fatigue strength have been done [4] [5] [6] [7] [8] . Kazuhiro Kusukawa et al. reported that crack closure induced by corrosion products was responsible for the lower fatigue crack growth (FCG) rates obtained in distilled water than under air environment for AZ92A magnesium alloy. On the other hand, Masaki Nakajima et al. reported FCG rates were nearly the same in laboratory air and distilled water for AZ31 and AZ61 magnesium alloys. However, they found that the effect of environment still exist even after the FCG curves were arranged by ∆K eff , where FCG rates were higher in laboratory air than in distilled water. Since there have been very limited works on corrosion fatigue crack propagation of magnesium alloys, it is of primary importance to investigate the effect of corrosive environment on FCG behavior of these alloys.
As the first step of basic research on corrosion fatigue crack growth behavior of magnesium alloy, in the present study, effect of stress ratio on fatigue crack growth behavior of AZ61 magnesium alloy under corrosive environment was investigated.
Experimental Procedures

Material
The material used in the present study was an extruded AZ61 (Mg-6%Al-1%Zn) magnesium alloy. The dimensions of as-received extruded plate were 3.0 x 70 x 1000 mm. The chemical composition and mechanical properties are summarized in Table 1 and 2, respectively. The microstructure of AZ61 is shown in Fig.1 .The average grain size determined by intercept method was about 15 µm.
Specimen
Fatigue crack growth (FCG) tests have been performed using 3 mm thick compact tension (CT) specimens. Details of the specimen geometrical configuration are according to ASTM E-647-95a [9] , as illustrated in Fig. 2 .
Prior to fatigue crack growth tests, all of the specimens were polished using 600, 800, 1000, 1200, 1500 grit emery papers and followed by 6, 3 µm diamonds abrasive. The specimens were then cleaned and rinsed with ethanol in an ultrasonic oscillator and air dried. The final polished surface was mirror-like surface, which makes clear observation of crack during FCG test. The fatigue crack propagation direction was perpendicular to the extruded direction. The specimens were pre-cracked to a length of 9.8 mm in air.
Fatigue crack growth test procedures
The tests were carried out using a servo-hydraulic fatigue machine equipped with load cell of 1 kN. The specimens were subjected to cyclic loading with sinusoidal waveform. The stress ratios applied were 0.1, 0.3, 0.5 and 0.7. ∆P control mode for ∆K-decreasing and ∆K-increasing tests was conducted to obtain a complete curve of FCG by using one specimen for each stress ratio (R = P min /P max ) under a frequency of 5 Hz. The decreasing and increasing of load steps are below 10% of the previous load.
The FCG tests were carried out under two environments; (1) in a controlled laboratory air at a temperature of 20°C and relative humidity of 55% ( low humidity environment) , and (2) in 3.5 mass% NaCl fogging environment (salt spray) in accordance with ASTM specification B-117-02. The schematic diagram of experimental set up is shown in Fig. 3 . The pressure of compressed air supplied to the nozzle for atomizing the salt solution was maintained between 0.1 to 0.15 MPa and the quantity of collected salt solution was in the range of 1.0 to 2.0 ml per hour. The NaCl solution used in the present study was a 3.5 mass percent mixture of sodium chloride (NaCl) salt and water. The concentration was approximately equal to the composition of artificial sea water. The pH of the solution was maintained at a range from 6.5 to 7.2. The salt water was nonrecirculating in the corrosion fatigue crack growth tests for keeping pH value constant. So, new salt water solution was supplied during the test.
The crack length for the fatigue crack growth test under low humidity environment was measured by using computer controlled compliance technique with an accuracy of 1 µm and also monitored by traveling optical microscope. The measurement by traveling microscope was carried out on both sides of the polished specimen surfaces and the average value was calculated. The crack length measured by the compliance technique showed good agreement with that measured by traveling microscope. Stress intensity factor range ∆K was calculated according to ASTM standard E-647 [9] . On the other hand, only crack length measurement by compliance technique was applied for the fatigue crack growth test under 3.5 % NaCl spray environment.
The threshold stress intensity factor range, ∆K th was defined as the ∆K at which no crack growth was observed for 10 6 cycles. The experiments were then continued by ∆K-increasing test under constant load amplitude. However, the crack did not propagate even the ∆K value was increased in 3.5 % NaCl spray environment. This might be due to the fact that a very high crack closure level due to solidified NaCl and corrosion products was developed during cyclic loading for 10 6 cycles at ∆K th . Details of this behavior will be discussed in section 3.2.1. Concerning this behavior, the load was increased around 5 to 7 percent of the previous load when no crack length increment was measured for at least 200,000 cycles in 3.5 % NaCl spray environment. During FCG test, crack closure load was determined by using elastic compliance method, where a strain gage was mounted on the back face of CT specimen. In order to understand the fatigue crack propagation mechanism in each environment, fracture surfaces were observed under a scanning electron microscope (SEM). Fracture Vol. 3, No. 12, 2009 Fig. 4 Relationship between da/dN and ∆K for magnesium alloy AZ61 under low humidity environment (relative humidity of 55% at 20°C).
surfaces of the specimens tested under 3.5 % NaCl spray environment were observed just after the FCG test and also after cleaned in acetone using ultrasonic oscillator. The corrosion products on fracture surface were analyzed by using an energy dispersive spectroscopy (EDS).
Results and discussion
Fatigue crack growth behavior under low humidity environment
Fatigue Crack Growth Curve
Relationship between fatigue crack growth rate, da/dN, and stress intensity factor range, ∆K, under low humidity environment is shown in Fig. 4 . The effect of stress ratio, R, can be clearly observed, where the fatigue crack growth rate increases with increasing R ratio. The threshold stress intensity factor range, ∆K th , was decreased with increasing stress ratio.
As seen from Fig. 4 , all fatigue crack growth curves in Paris region exhibited two-stage crack propagation behavior. Each stage of crack propagation could be recognized by different slopes of the curve. The slope changes were related to the transition in operated fracture mechanisms as reported by several researchers for titanium, martensite-ferrite low carbon steel, aluminum and several magnesium alloys [2, 3, 10, 11, 12, 13] . The transition of fracture mechanism obtained in this study was supported by different fracture surface appearances observed above and below the transition point. Further details will be discussed in the next section.
The values of Paris equation's constant m and C were determined for each stage of the crack propagation curves. The values of ∆K th , m and C at different R ratios are given in Table 3 . Even the crack growth curves in Paris regime are not straight, but the average Table 3 The values of ∆K th , Paris equation's constant m and C under low humidity environment (relative humidity of 55% at 20°C). values of m and C are within the range of that of metallic materials. From the crack closure measurements, effective stress intensity factor range ∆K eff , and closure ratio, U, were determined. In order to understand the effect of R ratio on fatigue crack growth behavior, fatigue crack growth curves were rearranged by using the effective stress intensity factor range, ∆K eff , as shown in Fig. 5 . The fatigue crack growth curves arranged by ∆K eff were almost merged into one curve regardless of stress ratio. This indicates that the difference in FCG rates seen in Fig.4 was attributed to the different level of crack closure.
The relationship between closure ratio, U and stress intensity factor range, ∆K is shown in Fig.6 . As seen from the figure, crack closure effect was more pronounced in lower ∆K region and also in lower stress ratio. On the other hand, no crack closure was observed for R = 0.7.
Fracture surface observation
To investigate the transition of fracture mechanism in Paris region, fracture surfaces before and after the transition point were observed by using a scanning electron microscope (SEM). The results of fracture surface observation are shown in Fig. 7 . As seen from the figure, fracture surfaces below the transition point for all R ratios showed quasi-cleavage facet appearance. This indicates that quasi-cleavage fracture play a dominant role in fatigue crack propagation below transition point. On the other hand, only shearing mark was observed on the fracture surfaces above the transition point. The present of shearing mark indicates that slip is the main fracture mechanism above the transition point. The values of ∆K, K max and plastic zone size R y , at the transition point evaluated based on kinked crack growth curve are presented in Table 4 . The plastic zone size R y is related to the maximum stress intensity factor K max by
where σ y is the proof strength. As seen from . The corresponding plastic zone sizes were about 14.8 µm. On the other hand, average grain size was about 15 µm. Therefore, when the plastic zone size is smaller than the grain size, the deformation is limited within the grain. Since working slip in a small plastic zone is very limited, high stress is induced within the plastic zone. Subsequently fracture occurs in brittle manner which resulted in the formation of quasi-cleavage fracture. Quasi-cleavage is more static manner of fracture and K max controlled as have been discussed by Reed PAS et al. They found that the transition of fracture mechanism from slip deformation to quasi-cleavage fracture occurs when the maximum crack tip plastic zone size is approximately equal to the grain size [14] . When the plastic zone size is less than the grain size, slip is held back within a grain, so that a fatigue crack will propagate along the most active plane without multiple-slip deformation. When the plastic zone size is much larger than the grain size, a large number of slips can occur in several grains so that the wavy fracture mode due to slip deformation appears [15] .
Fatigue crack growth behavior under 3.5 mass% NaCl spray environment
Fatigue Crack Growth Curve
From the fatigue crack growth test results under 3.5% NaCl spray environment, relationship between da/dN and ∆K is shown in Fig. 8 . As can be seen from the figure, fatigue crack growth rate increased with increasing stress ratio. The ∆K th values for each stress ratio are presented in Table 5 , which were higher than those obtained under low humidity environment. Two separated curves between ∆K-decreasing test and ∆K-increasing test were obtained regardless of stress ratio.
Crack closure ratio, U, and effective stress intensity factor range, ∆K eff , were determined from the crack closure measurements. The relationship between U and ∆K is shown in Fig.9 . As can be seen from the figure, two separated curves were also found between ∆K-decreasing and ∆K-increasing tests. The crack closure at the beginning of the ∆K increasing test was significant, which was the same level as that near threshold region under the ∆K-decreasing test. Subsequently, this significant crack closure behavior contributed to the high fatigue crack growth resistance under the ∆K-increasing test.
T
The relationship between da/dN and ∆K eff under 3.5 % NaCl spray environment is shown in Fig. 10 . As seen from the figure, the FCG curves for all R ratios became identical, which is indicating that the difference in fatigue crack growth curves seen in Fig.8 was attributed to the crack closure effect. It is worth noting that the two crack growth curves for ∆K-decreasing and ∆K-increasing tests also merged into one curve after rearranged by ∆K eff . This result indicates that the discontinuity of crack growth curves between two test conditions was caused by crack closure effect. In addition, the kinked FCG curve in Paris regime could be also seen in Fig. 10 . In the near-threshold region, the crack growth curves and ∆K eff th values did not merge, which suggests the influence of corrosive environment in the near-threshold region.
Fracture surface observations
The corrosion products as well as condensed NaCl were filled in the crack path, as shown in Fig. 11 . For further investigation, fracture surfaces were observed by using an SEM in two ways; one was just after the FCG test and the other was after cleaned with acetone in ultrasonic oscillator. The fracture surfaces observed just after the test were shown Fig.9 Relationship between crack closure ratio, U and ∆K for magnesium alloy AZ61 under 3.5% NaCl spray environment. Fig.10 Relationship between da/dN and ∆K eff for magnesium alloy AZ61 under 3.5% NaCl spray environment. Fig.8 Relationship between da/dN and ∆K for magnesium alloy AZ61 under 3.5% NaCl spray environment Table 5 . The values of ∆K th for low humidity and 3.5% NaCl spray environment Fig.11 Crack path filled with corrosion products and condensed NaCl for the specimen tested under 3.5% NaCl spray environment.
Fig .12 Fracture surfaces tested under 3.5% NaCl spray environment; (a1-a2) R = 0.1, (b1-b2) R = 0.3, (c1-c2) R = 0.5 and (d1-d2) R = 0.7. Crack was propagated from left to right.
in Fig. 12 . As seen from the figure, fracture surfaces at lower ∆K values were fully corroded for all R ratios. However, the fracture surface became more flat and plate-like as the stress ratio increased. Meanwhile, the fracture surfaces at higher ∆K values were not heavily corroded as those observed at lower ∆K region. As the stress ratio increased, the corrosion products observed on fracture surfaces became less and eventually the similar fracture surface to that under low humidity condition was found at R = 0.7. From the results of EDS analysis, it was suggested that the corroded surface would be covered with condensed NaCl, MgO and Mg(OH) 2 products.
SEM micrographs of fracture surfaces after cleaned with acetone in ultrasonic oscillator are shown in Fig. 13 . It can be seen from the figure that the fracture surface at lower ∆K values showed quasi-cleavage facets. On the other hand, shearing marks can be observed on the fracture surfaces at higher ∆K values. The appearance of fracture surfaces after cleaned with acetone in ultrasonic oscillator was found to be similar to that in low humidity environment as shown in Fig. 7 . It is suggested that the principle mechanism of crack Fig.13 Fracture surfaces cleaned with acetone in ultrasonic oscillator after tested under 3.5% NaCl spray environment; (a1-a2) R = 0.1, (b1-b2) R = 0.3, (c1-c2) R = 0.5 and (d1-d2) R = 0.7. Crack was propagated from left to right. Vol. 3, No. 12, 2009 propagation operated under both environments is the same. However, the higher fatigue crack growth resistance under 3.5 % NaCl spray environment was attributed to the effect of crack closure induced by corrosion products. Comparing Fig.5 and Fig.10 , which are ∆K eff -based crack growth curves, the fatigue crack growth curves under 3.5 % NaCl spray condition almost coincides with those under low humidity condition. This fact is not contradict with the fracture surface observations, where fatigue crack propagation mechanism under 3.5 % NaCl spray condition is the same as that under low humidity condition. From the foregoing results and discussions, 3.5 % NaCl spray condition may not influence the fatigue crack growth behavior and mechanism except crack closure behavior, when the frequency is 5 Hz. However, 3.5 % NaCl spray condition seems to influence the crack growth behavior and ∆K eff th values in the near-threshold region, as seen from Fig.10 . Further investigation is needed for understanding the effect of corrosive environment on fatigue crack growth behavior.
Conclusions
Fatigue crack growth behavior of AZ61 magnesium alloy was investigated under low humidity condition without corrosion influence as well as under 3.5 % NaCl spray environment. Effect of stress ratio on fatigue crack growth behavior was also investigated. The main results obtained are summarized as follows.
(1) Fatigue crack growth curves under both low humidity and 3.5 % NaCl spray environments showed kinked two stage curves, which were induced by the change of fatigue crack growth mechanism. In the lower crack growth region, quasi-cleavage facets were frequently formed on the fracture surface. (2) Fatigue crack growth curves under low humidity condition depended on stress ratio but they merged into one curve by taking account of crack closure behavior (by using the effective stress intensity factor range), which has been commonly found in other structural materials. (3) Fatigue crack growth curves under 3.5% NaCl spray environment also depended on stress ratio and they merged into one curve except the near-threshold region by considering crack closure behavior. In the near-threshold region, the fatigue crack growth resistance and threshold value were reduced under corrosive environment. (4) Pronounced fatigue crack growth resistance under 3.5% NaCl spray environment compared to that under low humidity environment would be induced by significant crack closure, which resulted from corrosion products and condensed NaCl in the crack path.
